Photocatalysis has recently become a common word and various products using photocatalytic functions have been commercialized. Among many candidates for photocatalysts, TiO2 is almost the only material suitable for industrial use at present and also probably in the future. This is because TiO2 has the most efficient photoactivity, the highest stability and the lowest cost. More signifi-
cantly, it has been used as a white pigment from ancient times, and thus, its safety to They dispersed TiO2 powders into various organic solvents such as alcohols and hydrocarbons followed by the UV irradiation with an Hg lamp. They observed the autooxidation of solvents and the simultaneous formation of H2O2 under ambient conditions. It is interesting to note that they had already compared the photocatalytic activities of various TiO2 powders using twelve types of commercial anatase and three types of rutile, and concluded that the anatase activity of the autooxidation is much higher than that of rutile, suggesting a fairly high degree of progress of the research. 4) In those days, however, the photocatalytic power of TiO2 might have attracted only partially limited scientists' attention in the field of either catalysis or photochemistry, and the study of TiO2 photocatalysis had not developed widely in either academic or industrial society.
Water Photolysis with TiO 2 Electrode in 1970s
In the late 1960s, one of the present authors (AF) began to investigate the photoelectrolysis of water, using a single crystal n-type TiO2 (rutile) semiconductor electrode, because it has a sufficiently positive valence band edge to oxidize water to oxygen. It is also an extremely stable material even in the presence of aqueous electrolyte solutions, much more so than other types of semiconductor that have been tried. The possibility of solar photoelectrolysis was demonstrated for the first time in 1969 with the system shown in Fig. 1 , which was exposed to near-UV light, and was connected to a platinum black counter electrode through an electrical load. 5) Then, this electrochemical photolysis of water was reported in Nature by analogy with a natural photosynthesis in 1972. 6) In those days, crude oil prices ballooned suddenly, and the future lack of crude oil was a serious concern. Thus, this became known as the time of ``oil crisis''. Therefore, this report attracted the attention not only of electrochemists but also of many scientists in a broad area, and numerous related studies were reported in the 
(at the Pt electrode)
The overall reaction is
When a semiconductor electrode is in contact with an electrolyte solution, thermodynamic equilibration occurs at the interface. This may result in the formation of a space-charge layer within a thin surface region of the semiconductor, in which the electronic energy bands are generally bent upwards and downwards in the cases of the n-and p-type semiconductors, respectively. The thickness of the space-charge layer is usually of the order of 1-10 3 nm, depending on the carrier density and dielectric constant of the semiconductor.
If this electrode receives photons with energies greater than that of the material band gap, EG, electron-hole pairs are generated and separated in the space-charge layer. In the case of an n-type semiconductor, the electric field existing across the space-charge layer drives photogenerated holes toward the interfacial region (i.e., solid-liquid) and electrons toward the interior of the electrode and from there to the electrical connection to the external circuit. The reverse process occurs at a p-type semiconductor electrode. These fundamental processes of semiconductor photoelectrochemistry have been discussed in many recent reviews. [7] [8] [9] [10] [11] If the conduction band energy ECB is higher (i.e., closer to the vacuum level, or more negative on the electrochemical scale) than the hydrogen evolution potential, photogenerated electrons can flow to the counter electrode and reduce protons, resulting in hydrogen gas evolution without an applied potential, although, as shown in Fig. 2 , ECB should be at least as negative as -0.4V versus the standard hydrogen electrode (SHE) in acid solution or -1.2V (SHE) in alkaline solution. Among the oxide semiconductors, TiO2 (acid), SrTiO3, CaTiO3, KTaO3, Ta2O5, and ZrO2 satisfy this requirement. On the other hand, the employment of an external bias or of a difference in pH between the anolyte and the catholyte is required in the case of other materials in order to achieve hydrogen evolution.
It is desirable that the band gap of the semiconductor is near that for the optimum utilization of solar energy, which would be about 1.35eV. When semiconductor electrodes are used as either photoanodes or photocathodes for water electrolysis, the bandgap should be at least 1.23eV (i.e., the equilibrium cell potential for water electrolysis at 25°C and 1atm), particularly considering the existence of polarization losses due to, for example, oxygen evolution. Although various semiconductors with smaller band gaps were investigated, none succeeded for the water photoelectrolysis with visible light. This is because they were in most cases corroded in an aqueous electrolyte under irradiation, i.e., the photogenerated holes oxidized the semiconductor itself.
One of the other approaches to utilize longer wavelength light could involve the dye sensitization of TiO2. This approach, although it is theoretically possible to use it for water photoelectrolysis, has practical problems, principally that most photosensitizer dyes would be far too unstable under these conditions. Therefore, the so-called regenerative photoelectrochemical cells, in which a single redox couple exists, the reduced form is oxidized at the TiO2 photoanode and the oxidized form is reduced at the counter electrode, were studied intensively. Chlorophyll and various organic dyes, such as xanthene dyes, were used as sensitizers, but neither the solar conversion efficiency nor the stability of the dyes was very high in those days. It is, however, to be emphasized that this approach was intensively researched later by Gratzel et al. using porous efficiency is probably the higher reduction potential of photogenerated electrons in the former than in the latter, i.e., the bottom of the conduction band of anatase is located 0.1V more negative than that of rutile. 16) The first report on the efficient hydrogen production from water and organic compounds was published in Nature at the time of the second oil crisis, and TiO2 photocatalysis drew the attention of many people as one of the promising methods for hydrogen production. 
TiO 2 Film Photocatalysis under Weak UV Light in Early 1990s
In 1990, we carefully determined the reasons, in collaboration with TOTO Ltd., why thus, it cannot become a real practical technology. However, the anti-bacterial function of a TiO2 photocatalyst is markedly enhanced even with weak UV light, using a fluorescent lamp and the aid of either silver or copper, 28) which is harmless to the human body. Figure   6 shows the changes in the survival of copper- 
Photo-induced Hydrophilicity

Characteristics of photo-induced highly hydrophilic state
First, we considered that this highly hydro- TiO2 is explained using a simple photocatalytic decomposition mechanism. [32] [33] [34] Some of these results will be described below.
(i) Comparison of hydrophilic properties of TiO 2 and SrTiO 3 surfaces Figure 9 shows the changes in CA under UV light irradiation after applying oleic acid to the surfaces of TiO2 and SrTiO3. 35) Just after applying oleic acid, both TiO2 and Subjected to cycles of alternating ultrasonic treatment and UV light irradiation, the water contact angles switched between 0 and 10° reversibly. It is hardly believed that the ultrasonic treatment makes the surface fouler.
Similarly, the highly hydrophilic state is turned to a less hydrophilic one by a ``wet rubbing'' method, which is a type of mechanochemical surface treatment with clean lint-free paper. Kamei and Mitsuhashi reported that the CA increases drastically from 3 to 80° by the wet rubbing method. 38) These results indicate that the photo-produced highly hydrophilic state is broken by external stimuli.
(iv) Temperature dependence of back reaction in the dark 39) As was described previously, the CA of the photo-produced highly hydrophilic TiO2 Figure 11 shows the changes in the C 1s XPS spectra before and after the treatment of the TiO2 surface in a warm concentrated NaOH solution. No distinct carbon peak was detected within the experimental error. Although the surface stains were nearly completely removed by this treatment, we found that such a ``nearly clean'' surface does the CA of 20°, which is much higher than that of 0° induced by UV light. 36) By considering these findings, only the removal of stains cannot lead to the highly hydrophilic state under the ambient condition.
(iii) Stability of photo-produced highly hydrophilic TiO 2 surface
When the highly hydrophilic TiO2 film prepared by UV light irradiation was sonicated in pure water, the CA was found to increase to around 10°, as shown in Fig. 12 .
37)
surface increases gradually toward the initial value in the dark even without any external stimuli. However, the rate of this back reaction strongly depends on the ambient temperature. Figure 13 shows the result. Because which will be shown below.
Wettability of solid surface
Before examining some evidence for surface structural changes accompanying the highly hydrophilic conversion, let us briefly review a classical theoretical treatment for the wettability of the flat solid surface. It is commonly evaluated in terms of the CA, which is given by Young's equation: 41) 
where γ S and γ L are the surface free energies per unit area of the solid and liquid, respectively, and where γ SL is the interfacial free energy per unit area of the solid-liquid interface. In addition, γ SL can be approximated using the Girifalco-Good equation, 42, 43) with γ S and γ L, as
Here, Φ is a constant parameter ranging from 0.6 to 1.1, depending on the solid. In addition, γ L is the water surface free energy, which has a constant value of 74mJ/m 
This final equation shows that the CA decreases simply with increasing γ S. Therefore, it can be considered that the highly hydrophilic state with a CA of 0° is achieved by the generation of some states with large surface energies when irradiated with UV light. As previously mentioned, the highly hydrophilic state generated by UV light gradually returns to the initial less hydrophilic state in the dark. Moreover, we showed that some external stimuli and a higher ambient temperature increase the rate of the back reaction. All these suggest that the photo-produced state with a large surface energy is metastable.
Structural changes on TiO 2 surfaces irradiated with UV light (i) Domain formation after UV light irradiation
To gain information about surface changes at the microscopic level, friction force microscopy (FEM) was utilized. A rutile TiO2 (110) single crystal was used. Before UV light irradiation, no difference in contrast was observed, indicating microscopically homogeneous wettability. After irradiation, the hydrophilic (bright) and hydrophobic (dark) areas of 30-80nm were clearly observed (Fig. 15) . 29) A gradual reversion to a smaller contrast was observed during the storage of the crystal in the dark. In this study, we concluded that the nanoscale separation between the hydrophilic and hydrophobic phases accounts for the highly hydrophilic characteristic on the TiO2 surface.
(ii) Surface hardness change after UV light irradiation
Hardness changes before and after irradiation with UV light on the surface of the rutile TiO2(110) single crystal were also observed. Figure 16 shows the repetition of UV light on and off dependence of surface hardness (within 50nm from the surface), inner hardness (300nm from the surface), and CAs. 44) When irradiated with UV light, CAs decreased to 0°, accompanied by an increase in surface hardness. In contrast, the inner hardness remained constant. These findings suggested that the highly hydrophilic surface is subjected to compressive stress caused by the expansion of the surface volume.
What is the metastable state?
We have shown that the surface structure This increase could be detected by X-ray photoemission spectroscopy (XPS). 36) The O 1s spectrum for the highly hydrophilic TiO2 surface exhibited a broad shoulder to the higher binding energy side of the main O 1s peak. The shoulder was fitted with two bands, which are associated with the dissociatively surface-enhanced IR absorption spectroscopy (SEIRAS). 46) Recently, Uosaki et al. reported the differences in interfacial water structures at TiO2 surfaces between before and after UV light irradiation by sum frequency generation (SFG) spectroscopy. 47) It was shown that UV light irradiation led to an increase in the amount of the ordered adsorbed water on the TiO2 surface (a broad band with a peak at 3400cm -1 and a shoulder at 3200cm -1 ), confirming the increase in the hydrophilicity of the surface.
Mechanism for highly hydrophilic conversion
On the basis of the previous studies mentioned above and some electrochemical experiments, 48) which show that the photogenerated holes, not the electrons, are responsible for the highly hydrophilic conversion, we proposed a mechanism for the highly hydrophilic conversion under UV light irradiation, as shown in Fig. 17 . 
Application
Self-cleaning function
The finding of the photo-induced hydrophilicity has markedly widened the application range of TiO2-coated materials. show a very effective self-cleaning function,
i.e., stains are decomposed partially by the conventional photocatalytic reaction as well as washed by rainwater. Such materials, which we call ``photocatalytic building materials'', e.g., exterior tiles, glass, aluminum walls, and PVC fabric (Fig. 18) , have already begun to be 
Anti-fogging function
Another function blessed with the photo- 
Photocatalysis in 21st Century
As was described above, TiO2 photocatalysis has become a real practical technology after the middle of the 1990s, particularly in the field of building materials. It is, however, surprising that a research study on TiO2 photocatalysis is still carried out for developing both its science and technology after the 21st century. In the following, some of the recent development will be introduced.
Design of nanostructure of TiO 2 surface for highly sensitive hydrophilicity
When To obtain the appropriate faces, the photoetching technique was applied to the (001) face of a rutile single crystal. As shown in the inset of Fig. 20 , a large number of rectangular porous holes shaped like wells, with a size of 50-100nm, emerged with a fairly regular arrangement. According to Sugiura et al. 51) and Nakato et al., 52) rectangular holes films. [59] [60] [61] Subsequently, nitrogen-doped TiO2 has attracted considerable attention. [62] [63] [64] In fact, similar photocatalysts sensitive to visible light have already been reported in 1986. 65, 66) Yellow and transparent nitrogen-doped TiO2 thin films can be fabricated by sputtering a Ti or TiO2 target in a gas flow that contains N2O or N2.
61) The N 1s XPS peak at 396eV indicates that the dopant nitrogen is located at an oxygen site. 
Visible-light-sensitive TiO 2
The current area of interest in this field has been the modification of TiO2 sensitive to visible light. One approach was to substitute Cr, Fe or Ni for a Ti site. 56, 57) Another approach was to form Ti 3+ sites by introducing an oxygen vacancy in TiO2. 58) However, these approaches were not widely accepted due to the lack of reproducibility and chemical stability. will show the higher photocatalytic activities irradiated with visible light. This investigation is now under way.
72)
These anion-doped TiO2 are candidate photocatalysts in terms of reproducibility and chemical stability. Therefore, further research and practical applications are desirable.
Hydrophobic TiO 2 surface
As the discovery of the photo-induced hydrophilicity has markedly widened the application field of TiO2-coated materials, a highly hydrophobic TiO2 surface could open a new application field. In addition, if it is realized, we will be able to control the wettability on a TiO2 surface using external stimuli, such as UV light, which we believe is both scientifically and practically very important.
Let us try to design the hydrophobic TiO2 surface. As previously mentioned, the wettability of a flat solid surface is determined simply by the surface free energy of solid as described in eqs. (9) and (11). As for a non-flat surface, however, surface roughness affects the wettability. Wenzel modified Young's equation by considering the surface roughness to obtain 73) cosθ' = r cosθ,
where θ ' is the apparent contact angle and r is the surface roughness ratio between the tial titanium is clearly not possible, an oxygen vacancy is simultaneously produced. Therefore, the schematic illustration in nating between UV light and dark storage. 75) At present, the hydrophobic conversion takes much time, and must be further enhanced.
In addition, the surface with a CA above 150° is called the super-hydrophobic surface, and such a surface is attracting considerable attention at present, [76] [77] [78] [79] [80] [81] [82] [83] [84] indicates that the surface property of TiO2 can be markedly controlled. 
New environmental applications
Considering eq. (13), the θ' increases with decreasing f value. Thus, the hydrophobic TiO2 requires surface roughness where air can intrude between the water droplet and the TiO2 surface.
To achieve such a rough surface, we applied a photoetching technique to a rutile pellet. Before the etching treatment, grains and grain boundaries were observed, which is typical of a polycrystalline pellet, as shown in Fig. 24(a) . After etching, the surface struc- (Fig. 25) .
The UV irradiation of this hydrophobic
TiO2 markedly changed the surface wettability, i.e., the CA decreased to 0°. In addition, storing the samples in the dark for a long time caused the CA on the etched surface to further increase to approximately 140°, whereas the CA on the nonetched surface remained constant at around 80°. We can thus control the surface wettability from highly hydrophilic to hydrophobic repeatedly by alter- in Fig. 26 . We designed photocatalytic sheets to purify the polluted soil on the ground using sunlight. As shown in Fig. 27 , the polluted soil is dug up and covered with the sheet, which is made of corrugated paper containing both However, the areas of green tract land and water surfaces cannot be secured easily due to the high land value in urban areas.
We are proposing a method of securing water surfaces by continuously sprinkling water onto the surfaces of buildings that will be covered with a TiO2 photocatalyst (Fig.   28) . 
Conclusions
In this paper, an overview of the development of TiO2 photocatalysis and its future prospects from both scientific and technological viewpoints are given. It is interesting to note that this field has experienced major developments every ten years for the last thirty years, namely, water photoelectrolysis 
